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Abstract

Title of Thesis: Indicators of Microbial Activity in
Biological Treatment of Hazardous Wastes.

Alexander M. Sherrin, Master of Science in Environmental
Engineering/ Toxicology Option, 1987.

Thesis directed by: Dr. Gordon Lewandowski, Professor of
Chemical Engineering.

Three methods were used to measure the activity of
mixed liquor from the Livingston, N.J. municipal wastewater
treatment plant on exposure to phenol. The three methods
were, substrate removal rate (SRR), dissolved oxygen uptake
rate (DOUR), and the dye reduction rate (DRR). Parameters
from each test were compared for reproducibility and ease
of determination. The SRR test gave the most reproducible
results, while the DOUR test was the least reproducible.
Although the reproducibility of the DRR test was close to
that of the SRR test, the DRR was more time consuming and
required a greater degree of expertise and training.
During the course of this work, a DRR procedure was
developed, which is a substantial improvement over existing
methodologies.
Standard tests for biomass concentration (mixed
liquor suspended solids and bacterial cell counts) were

also run on three mixed liquors: from the Livingston, PVSC
and Rahway municipal treatment plants. The results of these
tests were compared to the respective rates of
biodegradation of phenol. This showed that no correlation
existed between standard biomass measurements and SRR for
the treatment plants studied.
The SRR activity test, using phenol as a model
compound, is recommended as the standard mixed liquor
activity test to use in biodegradation studies of hazardous
chemicals.
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Introduction:

Along with the rise of public interest in hazardous
and toxic waste problems has come a greater effort by the
scientific community to find new and alternative methods
for dealing with and ultimately destroying these wastes.
Biodegradation has been identified as a relatively
inexpensive, low energy consumption, method that has proved
to be a valuable tool for use in treating domestic and
industrial sewage and, more recently, in degrading
hazardous wastes as well.

The biodegradation process, however, is very complex;
and finding consistent, easily measureable, parameters to
indicate microbial activity in the presence of hazardous
wastes has not been entirely successful. These parameters
have included biomass measurements (such as mixed liquor
suspended solids [MLSS] and bacterial cell counts),and biooxidative capacity measurements (such as, dissolved oxygen
uptake rate [DOUR], substrate removal rate [SRR], and
electron acceptor dye reduction rate [DRR]). However, no
work has been done to compare the reproducibility of these
activity tests with municipal mixed liquors.
In the present work, mixed liquor from three municipal
wastewater treatment plants were considered: (1) the
Livingston, N.J. plant which treats 2.5 mgd of domestic
waste; (2) the Passaic Valley Sewerage Commissioners (PVSC)
plant, which treats 250 mgd of a wastewater which is 55 %

industrial (on a BOD basis); (3) and the Rahway, N.J. plant
which receives 35 mgd of wastewater of a 20 % industrial
and 80 % domestic origin (based on volume of flow). All
three are secondary treatment plants, although PVSC employs
pure oxygen in their activated sludge tanks.
The present work was undertaken to examine the
reproducibility of the various microbial activity tests,
and their ability to predict the performance of mixed
liquors employed in the biodegradation of hazardous wastes.

Literature Review:

Sludge activity tests have been described extensively
in the literature (3,4,17,25,26). Briefly, they are as
follows:

A. Substrate Removal Rate:
The substrate removal rate is determined simply by
measuring the rate at which the substrate concentration
falls in a batch reactor. Much work has been carried out to
determine the kinetics of the degradation of organic
chemicals over wide ranges of cell and substrate
concentrations. The viable bacterial cell concentration has
been found to play a major role in the resultant kinetic
models that best describe these processes (1). The total
microbial cell concentrations found in activated sludges
are very high, between 108 and 1011 bacteria/ml (12).
However, it is impossible to determine by standard
microscopy, what fraction of these are viable.
Authors (1), reporting the kinetics of phenol
degradation, with an initial phenol concentration near the
lower toxicity limit of about 100 ppm, describe a graph of
substrate concentration vs time similar to that shown
Figure 1 (see Appendix A).

A latency or acclimation phase occurs initially,
described by no, or very little, removal of the substrate.
During this period, the bacteria acclimate themselves to
metabolizing the substrate as the sole source of carbon.
This acclimation may include transport of the substrate
across the cell membrane and induction of the catabolic
enzymes and/or their synthesis. The latency phase is
followed by the substrate removal or degradation phase.
Both of these phases vary in length and magnitude depending
on the initial substrate concentration and prior exposure
of the micro-organisms to the compound.

Both the SRR and the length of the latency phase have
been used to characterize the biodegradability of organic
compounds. The more common of these two parameters is the
SRR, reported as an average rate of decrease of the
substrate concentration during the degradation phase
(3,5,18,22). For a given amount of biomass, an increase in
SRR (i.e. an increase in biodegradability) corresponds to
an increase in microbial activity.

This is generally used as a simple relative scale
without a standard reference point; the higher the SRR, the
more biodegradable the compound is. However, the
degradation rate of glucose has been recommended as the
standard for determining the relative biodegradability of

priority pollutants (5). No data were presented, however,
to prove this connection. Furthermore, glucose is not
itself a hazardous waste, and its use as a model compound
is highly questionable.

In the SRR data reviewed in the literature
(1,5,18,22), there was very little information on its
reproducibility. That is, statistical analyses are rarely
performed on replicate runs.

The latency, or acclimation phase, is the second
parameter of the concentration vs time graphs that is used
to characterize the biodegradability of organic compounds.
A more precise description of the latency phase is the
length of time from when the chemical is introduced into
the activated sludge sample to the moment of the maximum
degradation rate of the substrate chemical (see Fig. 1).
This is also an indication of the chemical biodegradability
(5) • However, more specifically, this parameter is
indicative of the ability of the compound to enter into the
bacteria and/or induce the activation of the specific
enzymes necessary to degrade the compound or the ability of
the micro-organisms to produce these enzymes. It probably
does not actually influence the SRR which is a direct
measure of biodegradability.

B. Dissolved Oxygen Uptake Rate:
In the activated sludge process, organic chemicals are
oxidized by micro-organisms for energy. Dissolved oxygen
must act as the terminal electron acceptor in the
biooxidative process. The dissolved oxygen uptake rate (DOUR)
is thus a measure of the activated sludge activity. Two
methods for measuring the

DOUR

have been used; (1) the

Warburg respirometer, which gives an indirect indication,
because it measures carbon dioxide released by the cells
instead of

DO

directly; and (2) the

DO

electrode probe

which measures the dissolved oxygen levels of a sample of
activated sludge placed in a closed system. The

DO

electrode probe is used more often because of its ease of
handling, lower cost, ability to be used on-site, and the
ease of calculating the

The

DOUR

DOUR

directly from the data.

or activity of an activated sludge changes

considerably in the presence of a substrate. Fig. 2 (in
Appendix A) presents a typical

DOUR

pattern from the

present work, for a phenol degradation experiment.

In the absence of a usable substrate (at time T), the
micro-organisms are metabolizing storage products
previously synthesized. This is termed endogenous
respiration and represents a basal activity level. It has
been suggested that this basal activity level is a measure

of the microbial population density (17); however, this
assumes that the different microbial species all have the
same basal metabolic activity levels which is unlikely.

In the presence of a substrate, the oxidative activity
of the biomass increases as the microbes begin to oxidize
the available substrate. This is termed exogenous
respiration and represents the increase in microbial
activity over the basal activity level. The maximum
exogenous respiration rate, (represented as the peak at
time T in Fig. 2), is one measure of the micro-organisms
ability to degrade a given substrate. The higher the
maximum, the more biodegradable the chemical is (17,25).

Problems with this method for assessing the microbial
biodegradability are that the maximum DOUR can only be
determined after conducting several degradation runs with
various initial substrate concentrations in order to
determine at which substrate concentration the microbes
reach a maximum activity level. If fed too little, the
substrate will be exhausted before the maximum DOUR can be
reached and if fed too much, toxicity to the microorganisms may occur thus inhibiting the bacterial activity.
Also, different chemicals will result in different maximum
DOUR further complicating the problem. Experimentally,
there are other problems as well. For example, large

changes in the DOUR can be very rapid, within minutes, so
the true maximum DOUR would be difficult to measure exactly
and the reproducibility is poor.

Another method for measuring the biodegradability of
organic chemicals is to measure the rate of increase of the
DOUR by determining the maximum slope of the rising curve
in Fig. 2 (17). This may be termed a Biodegradation
constant (BK), with the name of the chemical being tested
written in subscript (ex. BK-phenol) • Use of this parameter
may eliminate some of the variability associated with
measuring the maximum DOUR because a slope averages the
effects of several data points. However, the rate of
increase of DOUR is also affected by the type of substrate
and its concentration and has been found in the present
work to be less reproducible than SRR.

Most of the experimental work done with DOUR have been
investigations into the possibilty of using oxygen uptake
rate as a control parameter for publicly owned sewage
treatment plants (24,25). However, these workers did not
recommend its use, citing poor reliability and
reproducibility of results. Nevertheless, major advances
have been made with DO electrode probes since their work
was reported.

Sayler, et. al. (22) reported another problem
associated with the use of DO electrode probes for the DOUR
test. DOUR levels above the endogenous oxygen uptake rate
were not measurable for some recalcitrant organic
substrates. For example, the degradation rates for toluene
and 2,4- dichlorophenol were so slow that no detectable
exogenous uptake rate was found. This may have been a
limitation of the methods that were employed. However, the
exogenous oxygen uptake rate for some recalcitrant organic
chemicals may actually be too small for statistical
significance.
No reproducibility studies of DOUR were reported in
the literature reviewed.

C. Dye Reduction Rate: (6,8,9,10,11,18,20)
Electron acceptor dyes are chemicals that change their
color on reduction. The reduction potentials of these
compounds are within the range of the electron transfer
agents, or co-enzymes, of dehydrogenase reactions and the
electron transport chains of living cells. Many electron
acceptor dyes have been developed and used. Table 1 shows
some common examples of electron acceptor dyes and their
important features.

Common Electron Acceptor Dyes (13).

Dye

Color
Oxidized

TTC

colorless

INT

colorless

MTT

Reduction
Reduced

red
violet

yellow

Potential (Ev)

+460, +240
+90
+110

INT is the dye of chose in this work for several
reasons: (1) the INT crystals are non-toxic (Sigma INT
Label); (2) INT is colorless in solution and therefore has
a very low absorbance; (3) the reduction of INT is not
affected by dissolved oxygen (13). The reduction of INT to
its

ConiumAtp fnrina7an is ac fnllnwc!

The substrate oxidizing capacity of an activated
sludge can be measured by determining the activity levels
of the dehydrogenase enzymes in the living micro-organisms.
Briefly summarized, high energy electrons are stripped from
the oxidized substrate molecules by dehydrogenase enzymes
and are transferred to the co- enzymes nicatinamide adenine
dinucleotide (NAD) and flavine adenine dinucleotide (FAD),

which are reduced to NADH and FADH respectively. These coenzymes act as intermediate electron acceptors in the
electron transport chain (ETC) where the final electron
acceptor is normally dissolved oxygen. The metabolic
activity of the microbial population may be assessed by
determining the rate of transfer of electrons down to the
electron transport chain. The rate of this electron
transfer is directly reflected by the activity of the coenzymes NADH and FADH. If a suitable electron acceptor dye
is present, the electrons from the reduced NADH and FADH
will be transfered to the dye instead of going to the ETC.
The activity of the co-enzymes can be measured by the rate
of change in visible color intensity of the reduced dye. In
their reduced form, the electron acceptor dyes are highly
colored, water insoluble precipitates, that may be
extracted from the cells by using organic solvents.

Electron acceptor dyes are presently used in many
fields of biological and medical investigations (2). The
unspecific nature of these dyes allows assessment of the
overall oxidizing activity of all the living cells in the
system (2,3).

In theory, this method for measuring cellular activity
should work. However, there are a number of potentially
confounding problems with the use of these dyes. Since the
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flow of energy yielding electrons from NADH through the
electron transport chain is stopped, the presence of the
dye interfers with the cellular energy yielding system, and
reduces the activity of the cells once their ATP levels
begin to decrease. Furthermore, reduction of these dyes
yields an insoluble precipitate at the reduction site,
which also interfers with the cells avility to function
(17).

The activity levels from the DRR data are interpreted
in the same way as the DOUR data (refer to Fig. 2). The
basal activity level at time t=0 is the endogenous activity
level of the active biomass; and an increase in the
activity level, in the presence of an organic substrate,
represents the exogenous level. A measure of the
biodegradability of a compound can be taken as the maximum
DRR,

or the rate of increase of DRR,

as with

DOUR

measurements.

Many methods for using electron acceptor dyes have
been proposed in the literature (6,8,9,10,11,19,21,23).
Basically, the procedures involve mixing a measured amount
of activated sludge and aqueous dye together, incubating
the mixture for a pre-determined length of time, and
stopping the reaction with either acid or solvent. The
precipitated, reduced dye is then brought into solution
12

again with a solvent, the solution is filtered or
centrifuged to remove the solids and the concentration of
the dye is determined by a UV/Vis spectrometer.

Different methods have employed different incubation
times, DO concentrations, mixing rates during incubation,
and the solvents used to solubilize the precipitated dye.
Smith (22), did a thorough summary of the use of electron
acceptor dyes. He concluded that all of the solvents
recommended in the literature were very poor for their
intended use as the solids remained darkly stained with the
reduced dye even after a thorough extraction procedure. The
reproducibility of the data was reported to be very poor as
well and he concluded that the DRR test was not suitable at
its present state of development for determining activated
sludge activity levels.

On review of the literature, in all of the studies,
the samples were incubated for standard periods of time and
then assumed to have a linear rate of increase in color
intensity over tha.n time period. Typical incubaton times
used in medical studies done today are about ten minutes
(2). The incubation times found in the literature for
studies involving activated sludges ranged from ten minutes
to forty eight hours.

A Time-Production experiment is a simple method used
to determine the kinetics of the increase in color
intensity. The experiment (also used in the present study)
is to determine the dye absorbance for a number of
different incubation times and obtain a true rate curve.
Figure 3 is a typical Time-production test where the rate
of reduced dye production is constant until time (T), when
the rate of production of the reduced form of the dye
begins to decrease.

In order to determine the relative activity level of
one sample to another, the reactions must be stopped within
the linear range of reduced dye production. In other words,
the incubation period must be less than time (T) as shown
in Figure 3.

Very little reproducibility data have been reported in
the literature. Ryssov-Nielson (21), hiwever, reported
variation coefficients of between 0.5 and 9.0 % using TTC
and MTT tetrazolium salts.

It is proposed that with a proper choice of solvents
(ie, a solvent that can dissolve 100% of the precipitated
dye) and a calculated incubation time, based on test data,
the DRR test may be greatly improved.

ATP Measurements- The concentration of adenisine
triphosphate (ATP) has also been proposed as a method for
determining the concentration of viable cells and their
relative activity in an activated sludge (4,17,20,25,26).
This method was not used in the present study because of
the specialized equipment needed for ATP analysis.

Summary:
Three methods of assessing activated sludge activity
levels and the biodegradability of hazardous chemicals are:
(1) the substrate removal rate (SRR); (2) the dissolved
oxygen uptake rate (DOUR); and (3), the dye reduction rate
(DRR). Although these methods have been in use for some
time, ther are very little data on their reproducibility.
The use of DOUR tests has often been unsuccessful due to
problems associated with the reproducibility and
reliability of the DO electrode equipment. However, with
the use of improved DO electrode probes, these problems may
be overcome. The poor DRR results obtained using electron
acceptor dyes may be improved by using better solvents and
conducting time-production experiments to determine proper
incubation times.

Experimental Apparatus and Chemicals:
A: Substrate Removal Rate:
Common Name
Phenol

Full Name
Phenol Crystal, Reagent Grade,
Baker Analyzed

GC

Gas Chromatograph, Tracor 565

Auto-sampler

Tracor 770 Auto-sampler for GC

Integrator

Hewlett Packard Reporting
Integrator 3390A

B: Dissolved Oxygen Uptake Rate:
Oxygen electrode, Orion Research
Oxygen electrode probe
Model 97-08-00
Digital Meter

C: Dye Reduction Rate:
HCl

Orion Research digital analyzer
Model 701/A

Fischer Scientific Hydrochloric
Acid, Reagent grade

INT

p-iodonitrotetrazolium violet,
Sigma Chemical Co., No. 1-8377,
grade 1

Water Bath

Precision RDL 20 water bath

UV/Vis Spectrometer

Bausch and Lomb Spectronic 20,
UV/Vis light

Experimental Procedures:

Activated sludge was obtained from the Livingston
Municipal Sewage Treatment Plant, in Livingston, NJ. This
treatment plant services an influent of approximately 95%
domestic and 5 % industrial waste. About three liters of
activated sludge were scooped from the aeration basin and
carried in an airtight container for the 20 minute trip
back to the lab. In the laboratory, 2.5 liters of the
sludge were immediately poured into a 5-liter batch
reactor, container and a loose lid placed on top. Filtered
atmospheric air was pumped into the bottom of the container
at 2.5 cu.ft./min through an aquarium air diffuser. This
aeration provided sufficient agitation so that no settling
of the sludge occurred. No mechanical agitation was
applied. Unless otherwise specified, the activated sludge
was also immediately spiked to 100 ppm phenol by addition
of 25 ml of 10,000 ppm phenol-distilled water solution.

A. Substrate Removal RatePhenol anlysis were conducted by GC using an external
standard. Accuracy and reproducibity were +2 ppm with a
standard deviation of 1% of the average chemical
concentration.

The procedures for processing the mixed liquor samples
for GC analysis were as follows:
-pipette 15 ml of raw liquor into a centrifuge vial 5
minutes before the sample time
-centrifuge at 2500 rpm for 5 minutes.
-pipette 5 ml of clear supernatant into a glass sample vial
-pipette 5 ml of 2500 ppm CuSO4 solution into the glass
sample vial to kill the bacteria
-store in the refrigerator (5-100C,dark) until ready for GC
analysis (usually 2-3 days)

GC Analysis
-three standard solutions of phenol, 50 ppm, 30 and 10 ppm,
were made prior to every analysis from a stock 10,000 ppm
phenol/distilled water solution.
-the three standard solutions and all the samples were
injected into the GC three times each and the areas under
the peaks from the integrator were recorded and averaged.
-the phenol concentrations of the standard solutions and
their respective average areas were plotted on a graph of
phenol concentrations vs area (see figure 4). Linear
regression analysis was performed on these data in order to
determine the line of best fit. The unknown sample phenol
concentrations were calculated by referring to the
calibration curve. These sample phenol concentrations were
then doubled to obtain the true phenol concentrations,
18

since the original samples were diluted in half with the
CuSO4 solution.
-these true phenol concentrations were then plotted on a
graph of phenol concentration vs time.
-the substrate removal rate was calculated by including the
first zero phenol concentration and at least the previous
two data points (see Figure 1). Points previous to these
were included, sequentially, until the correlation
coefficient (r) dropped below 0.97.
-the substrate removal rate was calculated as the slope of
the best fit line using linear regression.
-the integrated areas for the standard phenol solutions
changed slightly with every new analysis, because of slight
changes in the GC conditions. Therefore, a new standard
phenol curve was made at the beginning of every analysis.
Figure 1, in appendix A, shows a typical standard curve
used in exp. 1.

Experimental Runs:
Exp. Run #1- This experiment was conducted to gain insight
on methodology used and its shortcomings in determining the
SRR. Samples for the analysis of phenol concentration were
taken every half an hour for the second shock load of 100
ppm phenol.

Exp. Run #2- This experiment was conducted in order to
19

determine which shock loads were best suited for SRR study.
100 ppm shock loads of phenol were given once a day for 6
days. Samples were taken every half an hour for the first,
second and sixth shock loads.

Exp. Run #3-6- 100 ppm shock loads of phenol were given
once a day for 2 days. Samples were taken every half an
hour for the two shock loads. For shock load 1, samples
were taken for 15 hours, and for shock load 2, for 4 hours.

B: Dissolved Oxygen Uptake Rate-the DO probe was placed into a BOD bottle containing just
enough water to cover the bottom and then calibrated to the
zero reading and 760 mm Hg pressure, as instructed in the
instrument manual. Since only relative DO readings were
necessary to calculate the DOUR, the accuracy of this
calibration was not checked. The readings, however, were
very reasonable according to the dissolved oxygen
concentrations for 25°C given in the manufacturers DO
concentration- temperature charts.
-the DO probe was then placed in a BOD bottle that was
filled with freshly aerated distilled water and a magnetic
stirrer. The DO measurements were checked for drift.
-for activated sludge measurements, the DO probe was placed
in a BOD bottle that contained a magnetic stirrer and was
filled with activated sludge taken directly from the
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aeration reactor.
-the DO probe was allowed 30 seconds to adjust.
-the dissolved oxygen readings from the digital meter were
taken every minute until the DO level went below 0.5 ppm.
-in preliminary experiments, it was determined that the
dissolved oxygen uptake in activated sludge was constant
over the entire DO concentration range down to 0.5 ppm.
Therefore, DO measurements were only recorded for the first
five minutes, or until the DO levels went below 0.5 ppm.
-it was also determined that at least three sets of
measurements were necessary for accuracy.
-the DO measurements were then plotted on a graph of DO vs
time.
-the slope of the line, or the DOUR, was then calculated
using linear regression, and the average slope was
determined from the three sets of measurements.
-during the phenol degradation experiments, these
measurements were taken every half hour starting just
before the 100 ppm phenol shock load was introduced into
the reactor, until the maximum exogenous activity had
passed and the endogenous activity level had been reached
again.
-the DOUR for the experimental run was calculated by
including the maximum exogenous dissolved oxygen uptake
rate and, at least the previous two data points (see Figure
2). Points were taken until the correlation coefficient
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(r), dropped below 0.97.
-linear regression was used to determine the best fit slope
of the rising DOUR curve. I refer to this slope as the DOUR
phenol biodegradability constant (BK phenol) of the
activated sludge (units of ppm/min/hr).

Experimental Runs
Control Exp.- A control phenol experiment was conducted
first.
-2.5 liters of fresh activated sludge was shock loaded with
25 ml of 10,000 ppm phenol and allowed to stand overnight.
-the next day, instead of 25 ml of 10,000 ppm phenol
solution, 25 ml of distilled water were added to the
reactor.
-DOUR measurements were taken every half an hour for four
hours.

Exp. Run #1- Two reactors, A and B, of fresh activated
sludge were shock loaded to 100 ppm phenol and allowed to
stand overnight.
-the second shock load of 100 ppm phenol was introduced
into the reactors the next morning, and three sets of DOUR
measurements were taken every half hour (each successive
sample took about 5 minutes to process).
-data was taken over a four hour period.

Exp. Run #2- In exp. run #1, it was determined that due to
the time logistics of doing three, 5 minute DOUR
measurements in fifteen minutes, and the assessment that
the DOUR of the activated sludge could change significantly
within a fifteen minute period, only one set of DOUR
measurements was taken every half hour.
-DOUR measurements and the DOUR activity for the
experimental run was taken on the first, second and sixth
shock load of 100 ppm phenol (one shock load per day).

Exp. Run #3-6- DOUR measurements and the DOUR activity for
the experimental runs were taken on the first and second
shock load of 100 ppm phenol.

C. Mixed Liquor Suspended Solids (MLSS)MLSS is a common parameter used to estimate the
microbial population levels in activated sludge (46,16).
Procedures for determing the MLSS of an activated sludge
are detailed in Standard Methods for the Examination of
Water and Wastewater, Method 209-A (46). This procedure was
modified slightly as follows.
-aluminum weighing dishes were placed in a drying oven
(103-105°C) for one hour, taken out and allowed to stand on
the counter for ten minutes and then weighed to 0.1 mg.
-for each MLSS measurement, three of these weighing dishes
were each filled with 20 ml of activated sludge taken
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directly from the reactor, and the dishes placed in the
drying oven at 103° C for 24 hrs.
-the dried samples were taken out out of the oven, allowed
cool for ten minutes, and then weighed again to a 0.1 mg.
-the dry solids weight in each dish was calculated, and the
weights in the three dishes averaged.
-the average dry solids weight per liter of activated
sludge (in mg/L), or MLSS, was calculated based on 20 ml of
original sample.

Exp. Run #1- MLSS was measured once an hour just before the
DOUR measurements.

Exp. Runs #2-8- MLSS was measured at the beginning and the
end of each experiment.

The micro-organism count in activated sludge is highly
variable (15). Since these microbes are biodegrading the
phenol, part of the variability of the Substrate Removal
Rate may due to the variability in the number of organisms
in the sludge (e.g. more microbes should give a higher
SRR). Since MLSS is considered to be a measure of the
micro-organism count in mixed liquors, an attempt was made
to normalize the SRR data by dividing the SRR in each
experiment by the initial MLSS.

D. Dye Reduction Rate:
A number of preliminary experiments had to be carried
out in order to improve the methodology of this activity
test.

Pre. Exp. #1- The various methodologies reported in the
literature did not differ significantly and so the
procedure published by Ford, Yang and Eckenfelder Yang (6),
was used as a starting point. Preliminary experiment #1 was
conducted merely to gain a more complete understanding of
the process and its shortcomings. The procedure by Ford,
Yang and Eckenfelder was followed without variation except
all sample quantities were an order of magnitude less. The
INT had to be stirred for ten minutes before all of the
solids dissolved. After extraction with methanol and
filtration of biological solids (using 0.7 millipore
filters), the filtered solids were checked for violet color
by eye, and the color intensity of the filtrate was
measured by visible spectrometry (at 490 nm), in order to
assess the efficiency of methanol as an INT formazan
solvent. If methanol did not dissolve all of the INT
formazan, the cell solids filtered out of the solution
would contain a violet precipitate.

Results- The sample solutions turned from a light
brown color to a deep violet. The supernatant resulting
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after extraction of the dye with ethanol and methanol, had
very little violet color. The absorbances of the solutions
were very low, ranging from 0.0 to 0.058. The filtrate
solids, however, were a deep violet in color, indicating
that the solvents used (ethanol and methanol) were
inefficient in dissolving the precipitated INT formazan.
Since it is the amount of reduced dye in the sample (and
not the amount that is dissolved by the solvent) that is
indicative of the sludge activity level, these solvents are
inadequate and a better solvent had to be found.

Pre. Exp. #2- This experiment was conducted in order to
find a solvent that would dissolve 100 % of the INT
formazan. A simple trial and error process was employed
using common solvents found in the laboratory.
Conditions: all test tubes contained
Tris-HC1 Buffer

0.5 ml

INT Solution

0.5 ml

Activated Sludge

5.0 ml

Incubation Temp.

37°

Incubation Time

15 min.

-the reaction was stopped with the following solvents:
Test Tube

A and B

Solvent

Ethanol 13 ml, Toluene 1 ml

C

D

Iso propyl alcohol 14 ml

E

F

Acetic Acid 14 ml

G

H

Acetone 14 ml

-after the filtration process, the filtered solids and the
supernatant solutions were again checked for violet color
as in pre. exp. #1.

Results- The results are presented below by test tube,
as listed above:
A and B- most of the supernatant was clear and
colorless except for small violet micelles of toluene. The
filtrated solids were violet. The INT formazan appeared to
dissolve well into toluene. However, in these samples there
was insufficient amounts of toluene to dissolve all of the
reduced dye (toluene is only very slightly soluble in water
- about 500 ppm).

C and D- The supernatant was deep orange, and the
filtrated solids were deep violet, indicating that isopropyl alcohol is an inadequate solvent.

E and F- Once again, the supernatant was orange, and
the filtrated solids were deep violet, indicating that
acetic acid is not a good solvent for INT formazan.

G and H- Using acetone, the supernatant was red, and
the filtrated solids were brown; no violet color in the
solids was seen. The membrane membrane filter paper,
however, disintegrated and filtration was difficult and
slow.
Conclusion: Toluene and acetone dissolve INT formazan
very well. Extraction of the INT fromazan using 14 ml of
toluene was tried. Also acetone was tried again using a
filter paper that was resistant to acetone.

Pre. Exp. #3- This experiment was conducted to compare
acetone and toluene for. INT formazan extraction. Because of
their solvent resistent qualities, glass microfibre filters
(0.7 um) were used to filter the acetone/sample solutions.
After the filtration process, the filtered solids and
filtrate were again checked for violet color.
Conditions: all of the test tubes contained
Tris-HC1 Buffer

0.5 ml

INT Solution

0.5 ml

Activated Sivage

5.0 ml

Incubation Temp.

37°

Incubation Time

15 min.
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-the reactions were stopped using the solvents as indicated
below.
Test Tube

Solvent

A,B,C,D

toluene

E,j',G,H

acetone

ResultsToluene- Upon filtration, the toluene and water did
not mix well or separate into their distinct phases and
extraction of the dye did not occur. A large mess resulted.

Acetone- The supernatant was a deep violet color,
and no violet color was found in the filtrated solids. The
glass microfibre filters maintained their integrity.
Extraction of the INT formazan was complete, and the only
problem noted with the materials and methods was a slight
cloudiness in one of the samples.

Conclusion: Due to its ability to extract close to 100
% of the reduced dye, acetone was used to dissolve the dye
in all subsequent eNperiments.

Pre. Exp. #4- Several trial runs with the same conditions
as in pre. exp. #3 were conducted except using acetone as
the sole solvent. In several of the samples, solids
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remaining in the supernatant were interferring with the
spectrometer analysis. This indicated that filtration with
the 0.7 um microfibre filters was insufficient. Four
samples were run, filtered and examined by eye and visible
spectrometry for clarity. These samples were immediately
centrifuged and re-examined. If the samples appeared
clearer and gave lower absorbance values after
centrifugation than they did after filtration, then
centrifugation would be the better tecnique for removing
solids.
Conditions: same as in pre. exp. #3.
Test Tube

Solvent

A- D

acetone

Results- Comparison of the centrifuged samples with the
filtered samples showed the centrifuged samples to be
clearer and less hazy. This was confirmed upon visible
spectrometric examination of the samples after filtration
and then again after centrifugation (see Table 9, Appendix
B). Although not all the sample absorbances were decreased,
sample A was decreased by nearly a half.

Conclusion: Centrifugation removes more solids, more
consistantly, than the 0.7 um glass microfibre filters. All
samples were then centrifuged to remove solids.

Pre. Exp. #5- In the previous experiments, visible
spectrometer readings were all taken at a wavelength of 490
nm. This experiment was carried out to determine the
absorption spectrum of INT formazan and, in particular the
maximum absorption wavelength.
-30 mg of laboratory prepared INT formazan were dissolved
in a solution of 25 ml distilled water and 75 ml acetone
for a final INT formazan concentration of 300 ppm.
-10 ml of this solution were diluted ten times with acetone
for a final INT formazan concentration of 30 ppm.
-6 mls of this 30 ppm solution were tested for absorbance
at wavelengths from 325 nm to 670 nm using 10 nm wavelength
steps. When a peak was detected, the maximum absorbance
wavelength was determined to the nearest 5 nm.
-at each new wavelength step, the spectrometer was
recalibrated with distilled water in accordance with the
instrument manual.

Results- The results of the absorbtion spectrum
analysis of INT formazan are shown in Figure 29 of Appendix
A. Peaks were found at 330 and 460 nm. However, 330 nm is
the maximum absorbance wavelength for unreduced INT as
well. No peak was detected at 460 nm for INT or any of the
other sample components. Also no peak for INT formazan was
detected at 490 nm, the wavelength which other workers used
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(6,23).

Conclusion: INT formazan has a maximum absorption
wavelength of 460 nm, which was the wavelength used in all
subsequent experiments.

Pre. Exp. #6- This experiment was conducted to determine if
acetone causes a reduction of INT under the test
conditions.
-acetone was mixed with INT solution and allowed to stand
for the average time of a formazan extraction period
(approximately five minutes).
-the solutions were then examined for violet color.
Conditions:
Test Tubes

A

Contents

distilled water 10 ml
INT 0.5 ml

B

distilled water 4 ml
INT 0.5 ml
acetone 6 ml

Results- The absorbance of test tube A and Test tube B
were very close, 0.017 and 0.016 respectively.
Conclusion: Acetone does not cause a reduction of INT.

Pre. Exp. #7- This experiment was conducted to determine
the optimum concentration of INT solution for the mixed
liquor. Although it is important to have a sufficient
amount of INT in a sample, it is also important not to have
so much in, that toxicity occurs to the micro-organisms.
-various amounts of INT solution were put into each sample
and the regular sample run performed.
-the final INT formazan concentration was analyzed.
-The samples containing the highest INT formazan
concentration was considered to contain the optimum amount
of INT solution to start with.
-three sets of tests were completed with each successive
set having a narrower range of the amount of INT used. The
ranges chosen included, as their central point, the amount
of INT that gave the maximum INT formazan concentration in
the previous test.
Conditions: all test tubes contain
Tris-HCl Buffer

0.5 ml

Activated sludge

5.0 ml

Incubation temp.

37o

Incubation time

15 min.

Solvent

acetone

Test Tube

Test 1

Test 2

Test 3

mls of INT solution

A and B

0.0

C

D

0.1

E

F

0.5

G

H

1.0

A

B

0.2

C

D

0.4

E

F

0.6

G

H

0.8

A

B

0.4

C

D

0.5

E

F

0.6

G

H

0.7

Results and Conclusion- Figures 30,31,32, in Appendix
A, show the graphed results of Tests 1,2 and 3
respectively. The INT concentration which gave the highest
absorbance and therefore, the highest INT formazan
concentration, was narrowed down and determined to be 0.6
ml of 0.2 % INT aqueous solution.

Pre. Exp. #8- This experiment was conducted to determine
the effects of the tris-HC1 buffer on the microbial
reduction of INT. Two tests were conducted to assess the
effects of each component in the buffer. Test 1 was
conducted to assess the effects of HC1 by making up buffer
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solutions of constant tris buffer crystal concentration,
but varying the HC1 concentration. The buffer solution
which resulted in the highest INT formazan concentration
after the run, was considered the best, and was used in
test 2 of this experiment.
Conditions: all test tubes contained
INT solution

0.6 ml

Activated sludge

5.0 ml

Incubation temp.

37o

Incubation time

15 min.

Solvent

acetone

Test tube

Test 1

Buffer solution

A and B

distilled water

0.5 ml

C

D

Tris (0 N HC1)

0.5 ml

E

F

Tris (1/50 N HC1)0.5 ml

G

H

Tris (1/25 N HC1)0.5 ml

Results and Conclusion- The results of Test 1 are
presented in Figure 33, in Appendix A. The absorbances for
the samples containing no buffer and Tris buffer alone were
about the same (with tris buffer being slightly greater)
and both were greater than the two samples containing Tris
buffer with HC1. A factor which makes the use of Tris
buffer advantageous over not using a buffer, is that

control of the pH eliminates one more variable affecting
INT reduction.

Test 2 was conducted to assess the effects of the Tris
Buffer by varying the amount of the Tris buffer solution
introduced into each sample. The amount of buffer solution
that gave the maximum INT formazan concentration was
considered the optimum buffering condition for the test and
was used for all subsequent experiments.
Conditions: see above in Test 1.
Test tube

Test 2

mls of buffer

A

B

0.25

C

D

0.5

E

F

0.75

G

H

1.0

Results- The results of Test 2 are presented in Figure
34, indicating a iplcimum sample absorbance with 0.5 ml of
Tris buffer.
Conclusion: 0.5 ml of 604 ppm aqueous solution of Tris
buffer is the optimum buffer condition for the dye tests,
and was used in all subsequent experiments.

Pre. Exp. #9- Test 1: In all the previous preliminary
experiments, the reactions were stopped by addition of

solvent to the reaction mixture. These samples were
processed and analyzed immediately, and then kept over a
period of days in the dark (because light will cause a
reduction of INT [23)), and some were refrigerated as well.
These samples were re-examined by visible spectroscopy for
color intensity.

Results- The results of Test 1 are presented in Table
10, Appendix B. The color loss after 10 hours was
significant, and the absorbances after 3 days were less
than half the original.

Since INT formazan is the more stable form of the dye,
and therefore would not spontaneously revert back to INT,
this was an indication that one of the components in the
sample solutions was either oxidizing the INT formazan to
INT, or otherwise degrading the dye. It was noted that the
300 and 30 ppm INT formazan in acetone/water solutions used
in pre. exp. #5 had also undergone a significant loss in
color intensity. Since these solutions contained INT
formazan, water and acetone only, the solvent (acetone) was
suspected to be the agent affecting the color intensity.

Although no investigations into the rate of color loss
in the samples were conducted, significant loss of color
did not occur for the first three hours after introduction
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of acetone. Investigations were then directed toward
finding a method of stopping the biological reduction of
the INT in such a way that the samples could be stored for
longer periods without a significant loss of color
intensity.

Test 2- Authors investigating the use of electron
acceptor dyes for determining the activity of sludges have
used acids to stop the reduction reactions. The acids used
were H2SO4 (9,25) and HC1 (7,13). Reagent strength HC1 was
available in the laboratory and test 2 was conducted to
determine its ability to stop the biological reduction of
INT and maintain the color integrity of the samples.
-in this test, eight identical samples were run and all the
reactions were stopped at the same time.
-in four of these samples, the reactions were stopped with
acetone and analyzed for INT formazan concentration
immediately.
-in the other four samples, the reactions were stopped with
three drops of hydrochloric acid and stored for various
periods of time from 1 hour to 3 days.
-at the end of the storage periods, the INT formazan was
extracted with acetone, and the sample was analyzed for the
reduced dye concentration.
-the INT formazan concentration for the acetone-stopped and
the HC1-stopped samples were then compared. If there was no
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difference between these two groups, then the HCl could
maintain the color integrity of the samples over the length
of the specified storage period. A storage period of 3 days
was considered the minimum length of time, for the HC1 to
be a useful agent to stop the reduction reaction.
Conditions: all of the test tubes contained
Trio buffer

0.5 ml

INT solution

0.6 ml

Activated sludge

5.0 ml

Incubation temp.

37°

Incubation time

15 min.

Test tube

Reaction stopped with

A,B,C,D

acetone

E,F,G,H

HC1

-the storage times for samples E,F,G and H varied from
three hours in trial 1, to 1 day, and 3 days, in trials two
and three respectively.

Results of Test 2: The results using HC1 to stop the
INT reduction by activated sludge are shown in Tables 11
A,B and C, in Appendix B. In all three tests, the HC1stopped samples showed very little degradation with time.

Conclusion: HC1 can be used to stop the reduction
reaction and allow storage of the samples for up to 3 days

without significant color loss.

Pre. Exp. #10- With the concentration of reagents in the
samples optimized, a control test was necessary to be sure
that the only contributor to absorbance was the INT
formazan produced as a result of the bioreduction of INT.
In this experiment, all of the variables were identical to
those in preliminary exp. #9 except that the 0.6 ml of INT
solution was replaced with 0.6 ml of distilled water.
Conditions: all the test tubes contained
Distilled water

0.6 ml

Trig buffer

0.5 ml

Activated sludge

5.0 ml

Incubation temp.

37 C

time
Solvent

15 min.
acetone

-after recording the absorbance of these samples, 0.1,
0.2, 0.3, and 0.4 ml of INT solution were added to each
sample and the absorbance recorded at each step. This was
done to assess the contribution of the unreduced portion of
INT left in each sample after a normal run.

Results- The absorbances of the samples after
treatment and after addition of the INT solution are
presented in Table 12, in Appendix B. The absorbance of
each sample after treatment was extremely low and did not
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increase after addition of INT solution.

Conclusion: The activated sludge, water, acetone, tris
buffer, and INT portion of each sample contribute very
little to the overall sample absorbance. In addition,this
small contribution was approximately the same for each
sample, and because the sludge activity measurement is a
relative scale, it is not necessary to correct for this
small absorbance.

Pre. Exp. #11- This experiment was conducted to determine
the ability of the INT test, as it had been modified up to
this point, to measure differences in activated sludge
activity levels. Since the INT test measures the activity
level of the entire sludge, an activated sludge that had
been diluted, would be proportionaly less active than the
undiluted sludge. To simulate different sludge activity
levels, measured amounts of sludge were added to the
samples and diluted with distilled water for a final
sludge- water volume of 5 ml. The sludge activity levels,
as indicated by the sample absorbances, were plotted
against the millilitres of sludge added to the sample. If
the activity level of the sludge increased linearly with
the amount of sludge in the sample, this would confirm the
use of INT and the methods used to measure activated sludge
activity levels.
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Conditions: all test tubes contain
Tris buffer

0.5 ml

INT solution

0.6 ml

Incubation temp.

37°

Incubation time

15 min

Reaction stopped

HC1

Solvent

acetone

Test tube

Sludge

A and B

5 ml

0 ml

C

D

4 ml

1 ml

E

F

2.5 ml

2.5 ml

G

H

1 ml

4 ml

Water

Results- The activity levels of the sludge samples, as
indicated by the absorbance of INT formazan, were plotted
vs volume of sludge (ml) added to each sample, in Figure
35. The result was a linear relationship between the amount
of INT formazan produced and the amount of sludge in a
sample.
Conclusion: This confirms the use of INT and the
procedures developed here, to measure the relative activity
levels of activated sludge.

Pre. Exp. #12- Quantification of INT formazan in each
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sample

required a standard curve of concentration vs

absorbance.
-to make the standard solutions, 30 mg of laboratory
prepared INT formazan was dissolved in a solution of 30 ml
water and 70 ml acetone. This water/acetone solution was
used to more closely approximate the composition of the
actual samples.
-the final INT concentration was 300 ppm.
-serial dilutions were made to final concentrations of 50,
37.5, 30, 15, 10, 7.5, and 3.0 ppm and analyzed for
absorbance, and a calibration curve constructed.

Results- Figure 36, in Appendix A, presents the
standard curve of INT formazan concentration vs absorbance
and Table 13 presents the data used to perform the linear
regression used to calculate the best fit line.
-the standards resulted in absorbances between 0.07 and
1.1- the most accurate range to work in with the UV/Vis
Spectronic 20 spectrophotometer.
-this standard curve was used to calculate formazan
concentrations for all subsequent experiments. In order to
estimate the maximum possible concentration of INT formazan
in a sample (and therefore the yield for any given
experiment), the following calculations were performed.
-a sample contains 0.6 ml of INT solution; in mg, this is
equivalent to,
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X mq/sample = 200 mq
0.6 ml/sample

50 ml

X = 2.4 mg/sample

-the number of moles of INT in a sample is

2.4 X 10-3

q/sample = 4.75 X 10-6 moles/sample

505.7 g/mole

-since the reducticn of one mole of INT results in one mole
of INT formazan, the maximum number of moles of INT
formazan in a sample is 4.74 X 10-6 moles/sample.
-in mg/sample, this is equivalent to

4.75 X 10-6 moles/sample X 471.3 g/mole =

2.24 mg INT formazan/sample
(maximum possible concentration).

-to estimate the yield of a sample run, a representative
absorbance value of 0.62, recorded from previous samples,
was used.
-from the standard curve, an absorbance value of 0.62
results in an INT formazan concentration of 28.3 ppm.
-since the sample was diluted by in half with acetone, the
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actual 20 ml sample concentration was 56.6 ppm.
-in mg/sample, this is equivalent to

56.6 mg/L X 20 ml/sample = 1.13 mg/sample
1000 ml/L

-to calculate the percent of INT reduced to INT formazan:

INT formazan in sample = 1.13 mq/sample = 50 %
Max. INT formazan

2.24 mg/sample

-the experiment, in which the 0.62 absorbance was measured,
had an incubation period of 15 minutes. Therefore the 1.13
mg of INT formazan was produced in 15 minutes, and an
average rate of INT formazan production is:

1.13 mg = 0.075 mg/min
15 min
Pre. Exp. #13- In the previous experiments, all the test
variables have been optimized except for the incubation
time. (The incubation temperature of 370 C was the same for
all papers found in the literature and was assumed the
optimum temperature in this work). This experiment was
conducted in order to assess the incubation period used in
the activity test. The maximum amount of INT formazan in
each sample is 2.24 mg. From the calculations in
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preliminary exp. #12, the rate of production of INT
formazan is approximately 0.075 mg per minute. If the
reducing activity of the activated sludge is constant, then
a constant rate of production of INT formazan should occur.
Thus, a plot of INT formazan production vs time should
yield a straight line, until the INT is depleted (see
figure 3). In order to compare the sample activities
precisely, the sample reactions must be stopped while in
the linear production range of INT formazan.
-test tubes containing the same quantities of reagents and
fresh activated sludge, that had not been exposed to
phenol, were incubated for various lengths of time ranging
from 5 minutes to 30 minutes, in 5 minute increments.
-the sample absorbances were recorded and the equivalent
amount (mg) of INT formazan in each sample was calculated.
-the amount of INT formazan was plotted vs incubation time.
-the optimum incubation time was chosen as that which
resulted in the maximum color intensity in the linear
portion of the graph (see Figure 3).
Conditions: all test tubes contained
Tris buffer

0.5 ml

INT solution

0.6 ml

Activated sludge

5.0 ml

Incubation temp.

37o

Reaction stopped

HC1

Solvent

acetone

46

Test tube

A and B

Incubation time

5

C

D

10

E

F

15

G

H

20

I

J

25

K

L

30

min.

Results- Figure 37, in Appendix A, presents the data
of INT formazan produced vs Incubation time. The graph
shows a linear relationship between time and the amount of
INT produced up to 20 minutes (or to 1.0 mg INT formazan).
After these limits, the production of INT formazan
decreases. The constant rate of formazan production
demonstrates that the dye reduction activity of the
activated sludge is constant for up to 20 minutes (or a 1
mg INT limit). Therefore, a maximum incubation period of 20
minutes is possible. However, the INT production rate in
this experiment, (1 mg in 20 minutes), was considerably
lower than the 1.13 mg in 15 minutes calculated in the
example run in Pre. Exp. #12. Since 1.0 mg INT can be
produced in shorter incubation times than the 20 minute
limit, a 1.0 mg/sample of INT fromazan limit was used in
all subsequent experiments.
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At the end of 20 minutes (or the production of 1.0 mg
of INT formazan), the dye reduction rate decreased. The
reason for the decrease could be, as discussed in the
literature review, toxicity of the reduced dye precipitated
on the microbes or the stoppage of energy production in the
cell due to INT halting the flow of high energy electrons
to the electron transport chain). The following
calculations were done in order to determine the yield of
INT Formazan:
-the maximum amount of INT formazan possible in a sample is
1.13 mg/sample (from Pre. Exp. #12).
-the maximum amount of INT formazan actually produced at a
linear rate is 1.0 mg/sample.
-the yield of INT formazan during the period of linear
production is:

1.0 mg = 45 %
2.24 mg

Therefore, approximately 45 % of the INT is reduced at a
constant rate. After this limit, the rate of reduction
decreases. It is most probable that the reaction rate is
limited by a toxicological reaction, and not the amount of
INT in the sample.
Conclusion: Since the rate of INT formazan production
is constant below the limit of 1.0 mg of INT formazan per
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sample, the incubation time must be short enough to prevent
the formazan level from rising above this value.

Pre. Exp. #14- In preliminary exp. #13, fresh activated
sludge, that had not been exposed to phenol, was used to
estimate the incubation time because the bacteria were in
the stable endogenous activity phase. However, the activity
level of the bacteria increases when a metabolizable
substrate is added to the sludge. Therefore the 20 min
incubation time determined in exp. #13, must be decreased
after the organisms are exposed to phenol. In order to
estimate the shorter incubation time needed, the following
calculations were performed.
-in the DOUR experiments, the endogenous activity level for
the second shock loading was found to be about 0.7 ppm of
dissolved oxygen per minute.
-the highest 'oxygen uptake rate when the sludge was most
active was approximately 2.0 ppm of DO per minute.
-thus, almost a three fold increase in oxygen uptake rate
occurs during a phenol degradation experiment.
-in preliminary exp. #13, the maximum incubation time (in
the linear time

of INT formazan production) was 20

minutes.
-dividing 20 minutes by 3 yields a decreased incubation
period of approximately 7 minutes.
-a complete phenol degradation run was performed to
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evaluate the 7 minute incubation time using the following
procedures.
-a second shock load of 100 ppm phenol was introduced into
the activated sludge.
-samples were taken every half hour, HC1-stopped, and
stored in the refrigerator for analysis after the
experiment was completed.
-sample absorbances were recorded, the mg of INT formazan
per sample were calculated and then plotted on a graph vs
incubation time.
Conditions: all Test tubes contained
Tris buffer

0.5 ml

INT solution

0.6 ml

Activated sludge

5.0 ml

Incubation temp.

37°

Incubation time

7 min

Reaction stopped

HC1

Solvent

acetone

-the incubation time was evaluated by calculating the
amount of INT formazan in the sample with the highest
activity level. If the amount of formazan in this sample
was greater than to maximum concentration allowable for
constant rate production, as determined in preliminary exp.
#13, then the incubation time would be too long and a
shorter time would have to be used.
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Results- Figure 38 presents the phenol degradation
experiment, with a 7 minute incubation period. The graph
looks very similar to the activity graphs presented in the
literature (17), and is also similar to the DOUR graphs
described earlier in this work. After introduction of the
100 ppm phenol substrate, a basal activity level persists
for about 2 hours. This latency period is followed by an
increase in the amount of INT formazan produced, indicating
an increase in the sludge exogenous activity level. This
coincides with an increase in the rate of phenol removal. A
maximum DRR is reached as the phenol concentration reaches
zero, after which the sludge activity returns to its
endogenous level. The shape of the graph and the relative
timing between the DRR activity levels and the decreasing
phenol concentrations, all provide strong evidence of the
validity of this method for measuring sludge activity.
During the maximum DRR, the amount of INT formazan produced
in the sample was over the 1.0 mg limit. Therefore, this
point cannot be considered accurate and the incubation time
of 7 minutes is too long.

Conclusion: The experimental procedures of the INT dye
reduction test were confirmed for measuring the activity
levels of activated sludge during a phenol degradation run.
The 7 minute incubation time for the degradation of phenol
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was too long, and Therefore the incubation time was
shortened to 6 minutes.

Pre. Exp. #15- This experiment was conducted to evaluate
the 6 minute incubation time period that resulted as a good
estimate from prelimninary exp. #14. The test and all the
conditions were identical to those in exp. #14 except the
incubation time was shortened from 7 to 6 minutes.

Results- Figure 39 presents the DRR and the SRR data
for the phenol degradation experiment with a 6 minute
incubation period for the dye test. The shape of the curve
is the same as in Pre. Exp. #14, again demonstrating the
validity of the DRR test method to detect different
activity levels of activated sludge. The maximum exogenous
activity level detected in this experiment produced less
INT formazan than the 1.0 mg/sample maximum.

Conclusion: The 6 minute incubation time period is
best for the INT DRR test.

Pre. Exp. #16- This experiment was conducted to determine
the reproducibility of the results obtained in this
modified INT dye reduction activity test.
-six identical samples were run with fresh activated sludge
-the mg/sample of INT formazan was calculated; and the
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average value, the standard deviation (SD), and the ratio
of the SD to the average value were determined.
The sudden change in pH in the activated sludge due to
the addition of the Tris buffer had been considered to be a
possible unnecessary strain on the sludge micro-organisms.
The previous experiments (preliminary exp. #8) completed to
investigate the use of the buffer were not conclusive in
respect to the question of whether or not a buffer was
really necessary. To investigate this, the precision
experiment above was duplicated except that no Tris buffer
was added to the samples.
Conditions: all test tubes contained
Test 1

Test 2

Tris buffer

0.5 ml

INT solution

0.6 ml

Activated Sludge

5.0 ml

Incubation temp.

37°

Incubation time

6 min

Reaction stopped

HC1

Solvent

acetone

Tris buffer

none used

INT solution

see above

etc.

see above

-the SD, and the ratio of the SD to the average of
mg/sample INT formazan for each test were then evaluated
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and compared. The lower value of the standard deviation to
the average value was considered the least variable method.

Results- The data for the samples with and without
Tris buffer are presented in Tables 14, A and

B,

respectively. Shown are the average absorbance, the
Standard Deviation (SD) and the SD/Absorbance average
ratio. The SD/Absorbance ratio for the samples containing
tris buffer was 0.17. The ratio for the samples not
containing tris buffer however, was only 0.03 which was in
the range of variation coefficients reported by RyssovNeilson. However, the total amount of INT produced in a
sample was less for the samples containing no buffer.

Conclusion: The precision of the samples not
containing tris buffer was better than the samples
containing tris buffer. A time-production graph was then
developed to further investigate not using a buffer in the
samples.

Pre. Exp. #17- This experiment was conducted to evaluate
the production of INT formazan over time without the use of
Tris buffer in any of the samples. This would then be
compared to the same production-time graph for samples that
contained the buffer. This test was conducted with the same
methods as those in preliminary exp. #13. The graphs were
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compared for the maximum time and mg of INT formazan
produced in the linear range of formazan production, and
the correlation coefficient of the linear portion of the
line.

Results- Figure 40 presents the data of the time vs
INT formazan production for samples with and without tris
buffer. Both graphs are similar to that described in Pre.
Exp. #13. However, linear production of INT formazan occurs
during a much shorter incubation time than the 20
minutetime reported earlier. In both data sets, the
production of INT formazan was constant for up to 8-10
minutes only, before a decrease in the rate occurred. The
maximum mg of INT formazan produced in the constant rate
range was 1.4 mg. This is 0.4 mg more than the limit set in
Pre. Exp. #13. The original limit of 1.0 mg was kept as a
safety factor.
The correlation coefficient for the linear lines of each
graph are .994 with tris buffer, and .998 without buffer
which is very close. Since there was no advantage in using
the buffer, its use was discontinued.
Conclusion: The same amount of INT formazan is
produced at a constant rate regardless of whether tris
buffer is used or not. However, tris buffer does reduce the
precision of the test and therefore will not be used
further.
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Pre. Exp. #18- This experiment was conducted to confirm the
modifications proposed in the previous preliminary
experiments to improve the dye reduction test. The
procedures used were the same as those in preliminary exp.
#14 and all the conditions were the same except that no
Tris buffer was used.

Results- The data for the phenol degradation
experiment are presented in figure 41. The typical latency
period and increased exogenous activity levels are shown
again. All samples were below the maximum allowable 1.0 mg
INT formazan limit.
Conclusion: The DRR test using INT has been modified
adequately to measure the different relative activity
levels of an activated sludge during a phenol degradation
experiment.

The results in preliminary exp. #18 indicated that the
method proposed for using INT for the dye reduction test
was an accurate, reproducible method to measure the
activity of the activated sludge during a phenol
degradation run. This procedure was a considerable
improvement over those previously reported in the
literature.
The complete procedure used for all subsequent phenol
biodegradation experiments was as follows.
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-50, 25 ml test tubes were labelled and covered with
aluminum foil (to protect the light-sensitive INT).
-triplicate samples were to be taken every fifteen minutes
for four hours (beginning immediately after phenol
addition).
-just before the sample time, three test tubes were filled
with 0.6 ml of a 0.4% solution of INT crystals dissolved in
distilled water.
-at the sample time, 5.0 ml of activated sludge were added
to each test tube, inverted to mix, and placed in a 370 C
water bath.
-the samples were incubated for 6 minutes.
-at the end of the incubation period the reduction reaction
was stopped by adding three drops of reagent grade HC1 to
each test tube.
-the samples were stored in a refrigerator until analyzed
for INT formazan (usually about 1 day after the experiemnt
was completed).
-when ready for analysis, the test tubes were filled to the
20 ml mark with acetone, inverted several times to mix the
solutions, allowed to stand for five minutes, and mixed
again.
-the samples were then centrifuged at 2500 rpm for at least
3 minutes.
the supernatant extract was then pipetted into a vial for
spectrometer analysis at 460 nm.
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-if the INT formazan concentration gave an absorbance
higher than 0.6, the sample was diluted as appropriate
using acetone, and the dilution factors recorded.
-after recording the absorbances for all samples, the
concentration of INT formazan in each sample was calculated
using the calibration curve developed in preliminary exp.
#11 (see figure 36).
-if dilutions were necessary to measure the INT formazan
concentration, the concentration was appropriately
adjusted.
-the concentrations in mg/L acetone for the three test
tubes in each sample were averaged (to obtain the average
INT formazan formed for each set of samples).
-the mg/sample were divided by 6 minutes incubation time
and 5 ml of activated sludge, to obtain the mg of INT
formazan produced per minute per ml of sludge.
-these results were then plotted vs the sample time.

Eight phenol degradation experiments were conducted
measuring sludge activity levels every 15 minutes, with the
above procedures. The phenol concentration wase also
analyzed every 15 minutes (as described in the substrate
removal rate methods).

Control Exp.- A control phenol degradation experiment was
conducted first on a phenol shock load 2 degradation
58

experiment.
-2.5 L of fresh activated sludge was shock loaded with 25
ml of 10,000 ppm phenol and allowed to stand overnight.
-the next day, instead of 25 ml of 10,000 ppm phenol
solution, the activated sludge was shock loaded with 25 ml
of distilled water.
-DRR measurements were taken every half hour for four
hours.
-(for results see DRR section in the Results section).

Exp. Run #1- was conducted according to the procedures
above except that the first samples were analyzed for INT
formazan concentration immediately after stopping the
reactions. The formazan concentration, as indicated by
absorbance, for the first two samples were found to be very
high indicating that the endogenous activity of the sludge
was very high (refer to Exp. Run #1 for the DRR Exp.in the
results section). The amount of activated sludge put into
each sample was lowered to 3 ml and 2 ml of distilled water
was added to maintain the 5 ml acqueous volume in each
sample.
Exp. Run #2-8- due to the problems associated with the
large differences in activated sludge endogenous activity
level, a test to measure this level was conducted before
each experiment began. This test consisted of determining
an amount of activated sludge to add to each test tube in
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order to decrease the activity to a measurable level. This
test was done as a quick and easy alternative to conducting
lengthy time vs production graphs for each experiment.
These procedures are as follows.
-fill nine wrapped 25 ml test tubes with o.6 ml of INT
solution.
-add the following amount of activated sludge and water to
the three sets of three tubes.
Test tube set

Activated sludge

Distilled water

•

A

5 ml

0 ml

B

4 ml

1 ml

C

3 ml

2 ml

-follow the test procedures above to detemine the test
absorbance of each sample.
-an absorbance of approximately 0.4 with a dilution factor
of 2 was considered the best sample. Above this value, the
the maximum exogenous activity level level would be too
high and the amount of INT formazan produced during the
maximum exogenous activity level would be too much. Much
less than this value, and the accuracy of the test would
decrease due to the smaller amounts of formazan produced
per sample and therefore smaller differences between the
amounts of formazan in each sample.

E: Phenol Degradation Experiments with Other Activated
Sludges.
The above procedures were all conducted with sludge
from the Livingston Municipal Sewage Treatment Plant
(LMSTP) which receives 2.5 mgd of waste-water from
approximately a 2 % industrial and 98 % domestic origin.
The average MLSS of the sludge is 2400 ppm and the average
cell density is 1011 org/cc. Aeration is by atmospheric
air pumped into the activated sludge.
In addition, two other mixed liquors were examined for
MLSS, cell count and SRR. These two activated sludges were
obtaind from:
1)The Passaic Valley Sewerage Commission (PVSC) plant, in
Newark, NJ, which rececives 250 mgd of wastewater from
approximately an 18 % industrial and 82 % domestic origin
by volume (on a BOD basis, the industrial contribution is
45 %). The average MLSS of the activated sludge is 5000 ppm
and the average cell density is 109 org/cc. Aeration is by
pure oxygen.
Pak (16) conducted several phenol degradation batch
experiments with activated sludge collected from the
aeration tank, and the results of his experiments were used
in the present study.

2)The Rahway Municipal Sewage Treatment Plant (RMSTP), in
Rahway, NJ, which receives 35 mgd of wastewater from

approximately a 20 % industrial and 80 % domestic origin.
The measured MLSS of the sludge was 1450 ppm. The cell
density has not been counted by the workers at the Rahway
plant.
The fresh RMSTP activated sludge was shock loaded to
100 ppm phenol using 25 ml of 10,000 ppm phenol and allowed
to stand overnight. A second shock load was introduced the
next morning, and samples for phenol concentration analysis
were taken every 15 minutes for four hours. The results
were plotted the SRR and latency period were calculated.

Results

A: Substrate Removal Rate:
Figures 2-30 are the results of the phenol
concentrations plotted as a function of time. The SRR is
plotted with the DOUR and the MLSS to demonstrate the
relationship between these different parameters during a
phenol degradation experiment. The darkened data points in
the graphs indicate those used points used to calculate the
slope.

Table 1, in Appendix B, gives the substrate removal
rates, the respective correlation coefficients, and the
latency periods (the length of time from the phenol shock
load, to the first data point used to calculate the SRR)
for the phenol shock load 1 experiments.

Exp. Run #1- The phenol removal rate correlated well with
the results of Smith (23) and there were no problems with
the methodology. Therefore, the procedures were not changed
for all subsequent tests. Figures 15 and 16 show the
typical substrate removal curve consisting of the latency
period, followed by a period of decreasing phenol
concentration, until the concentration reached the
detection limit of about 1ppm or less.

Exp. Run #2- The results in this experiment showed an
increasing SRR from the first phenol shock load, to the
second and finally to the sixth (see Figures 6,17-18 and 26
and Tables 1 and 2). This is indicative of acclimation of
the micro-organisms to phenol as a sole source of food.
Although the SRR could be easily calculated from any of
these shock loads, experiments on the sixth shock load were
not continued because of problems associated with the DOUR
method (see DOUR Exp. #2 Results). Since the aim of this
study is to compare the three methods of measuring sludge
activity, only experiments on shock loads one and two were
continued.

Exp. Run #3-6- Figures 7- 25 and Tables 1 and 2 show the
results of experiments 3 through 6 for both the first and
second shock loads.
a. Shock load 1 experiments. Table 1 presents the
resulting parameters for all the shock 1 experimental runs
and the average value of the SRR, the Standard Deviation
(SD), and the SD/SRR ratio. Most of the shock 1 figures
show a consistent latency period of between 7-10 hours,
although experimental run #6 had no latency period at all.
The reason for the lack of a latency period is not known.
No phenol was detected in the sludge when it was collected,
but it is possible that the treatment plant had received a
load of phenol or a phenol
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-like substance just prior to collection of the activated
sludge sample and that the micro- organisms had acclimated
to it. The average SRR was calculated to be 16.6 ppm/hr
with a standard deviation (SD) of 4.3. This results in a
SD/SRR ratio of 0.26.
b. Shock load 2 experiments. Table 2 presents the
results of the shock load 2 experiments conducted during
both the DOUR and DRR experiments (Set 1 and Set 2). The
latency periods varied from 0.5 hour to 5.5 hours without
exception. The average SRR value was calculated to be 57.6
ppm/hr with a SD of 20.2. This resulted in a SD/SRR ratio
of 0.35, which is somewhat higher than that calculated for
the shock load 1 experiments. These results indicate that
the shock load 2 BK values are more variable than the shock
1 BK values. However, the SD/ave was calculated for the
shock load 2 experiments (Set 1, shock 2) conducted at the
time the shock load 1 experiments were done and the values
were very close (shock 1, 0.26 and shock 2 [Set 1], 0.28).
Since the variability of the shock load 1 and 2 were the
same and the shock 2 test was much shorter than the shock
1, the shock 2 test was considered more advantageous and
used in all further phenol degradation experiments. The
results of Exp. Run #2 shock load 6 are given at the bottom
of Table 2. The SRR value calculated was 69 ppm/hr and
there was no latency phase.

For each experimental run, the SRR's for the duplicate
A-B experiments tended to have very close values. The
latency periods for all the SRR experiments decreased on
exposure to phenol. The shock load 2 experiments
consistently had shorter latency periods than the shock
load 1 experiments. However, in both sets of experiments
these periods were highly variable.

B: Oxygen Uptake Rate:
The results of the OUR experiments are shown in
Figures 6 -25 in Appendix A. The darkened points are thosed
used to calculate the slope of the rising DOUR curve
(denoted "BKphenol") for each run. Tables 4 and 5 in
Appendix B, list the BKphenol values calculated, their
respective correlation coefficients, the length of the
latency period, and finally, the maximum increase in
activity level over the endogenous activity level (max.
activity).

Control Exp.- The results for the control experiment are
presented in Table 3 and Figure 5. Table 3 demonstrates the
methods used to record data and calculate the resulting
DOUR phenol biodegradation constants (BKphenol), for each
sample set. The average BKphenol value for the experiment,
the SD, and the ratio of SD/SRR (average) are presented as
well.
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The BKphenol varied continously over the four hour
experimental period. This variation was small, however, as
the SD/SRR value was only 0.05. The DOUR BKphenol was not
constant, however, as a slight decreasing trend is seen
over the four hour period. No reason for this trend is
known except perhaps for sludge aging.

Exp. Run #1- Figures 15 and 16 show the typical DOUR
activity profile described in the literature, (10). An
additional feature to the latency period of the endogenous
activity level is a momentary decrease in activity after
introduction of phenol into the activated sludge, which is
most likely indicative of toxicity of phenol to the microorganisms. This is followed by a period of increasing
exogenous activity levels to a maximum, and finally a
return to the lower endogenous activity levels that the
microbes experienced, at the beginning of the experiment.
Problems arose with attempting to do three, 5 minute DOUR
measurements every 15 minutes. Also, it was noted that
during the increasing exogenous activity phase, the three
DOUR activity levels calculated in each data set increased
in value in the order that they were taken. These
differences between the 3 measurements were suspected of
being due to real activity level changes in the activated
sludge, and not to the analytical technique. For these
reasons, the number of data sets in each sample was
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decreased from 3 to 1.

Exp. Run #2- The DOUR for shock loads 1 and 2 were easily
measured using the DO electrode probe, even during the
maximum exogenous activity levels. However, during the
sixth shock load experiment, the highest exogenous DOUR
levels were too great for the instrument to measure. The
micro-organisms used all of the dissolved oxygen in the BOD
sample bottle before the DO electrode could adjust. For
this reason, the remaining experiments were conducted only
on the first and second shocks. It is interesting to note
the increase of the maximum exogenous activity level, and
the decrease in the latency phase, with increasing exposure
to phenol (see Exp. Run #2 in Tables 4 and 5).

Exp. Run #3-6- Figures 7-25 show the results of experiments
3 -6 for both the first and second shock loads. Tables 4
and 5 give the parameters for the phenol shock loads 1 and
2 respectively, the calculated average DOUR BKphenol, SD,
and the ratio of SD/BKphenol average.
For shock 1 experiments, latency periods varied between 8
and 12 hours, with the majority between 9 and 10 hours. As
discussed in the SRR results, the exception was Exp. Run #6
which had no latency period at all.
The DOUR BKphenol values for each experiment in both
shock 1 and 2 were highly variable giving a SD/DOUR
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BKphenol ratio of 0.44 and 0.62 respectively. The DOUR
average, SD, and the SD/DOUR ratio for the maximum
activity and the latency period were also calculated. Each
of the parameters proved to be highly variable as well.
However, if Exp. Run #6 is excluded, the latency period
variability decreases alot. For example, excluded Exp. Run
#6 from the shock load 1 experiments, the SD/DOUR ratio
becomes 1.7/9.2 =0.18.

C: Mixed Liquor Suspended Solids:
Exp. Run #1- Table 5, and Figures 27 and 28, present the
MLSS data and calculations for experimental run #1-A and B.
The MLSS

at the beginning of the phenol degradation

experiment 1-A was relatively high, 695 ppm. During the
course of the expeLlment, the MLSS decreased to a minmum of
360 ppm, and then increased again for a final value of 525
ppm. The course of the MLSS values in experiment #1-B is
the same. Interpretation of this data is difficult. Since
the phenol was being consumed by the micro-organisms, some
of the it must have been converted to biomass and an
increase in the MLSS should have occurred. Why there was a
decrease is not known. Simple addition of the phenol could
not have caused this because even if the bacteria were
killed by it, their cell bodies would still be in the
activated sludge to be weighed as MLSS.

Exp. Runs #2-6- Tables 7 and 8 present the MLSS data for
the beginning and the end of each phenol degradation
experiment.

Normalization of the SRR data using initial MLSS
measurements produced more variable results than the SRR
data alone. The Standard Deviation/SRR average was only
0.26 for shock 1 data and 0.35 for shock 2 data whereas,
after normalization with MLSS, the shock 2 ratio was 0.47.

D. Dye Reduction Rate:
Control Exp.- The results for the control experiment are
presented in Table 15 and Figure 42. Table 15 demonstrates
the method used to record data and to calculate the
resulting dye reduction rate for each sample set. The
average DRR value for the experiment, the SD, and the ratio
of the SD/DRR (average) are also presented.
The DRR varied continuously over the four hour
experimental period. However, the ratio of SD/DRR (average)
was only 0.08, which is small for biological systems. The
DRR, however, did have a significant baseline drift over
the four hour period, which was also seen in the DOUR
control experiment. Again, no reason for this decrease is
known.. This difficulty in establishing an endogenous
activity baseline, coupled with 8 % SD, would make
detection of a small exogenous activity (such as might be
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experienced with a recalcitrant pollutant) difficult.
As in the DOUR control experiment, no increased
exogenous activity levels were detected using distilled
water as a substrate. Therefore an increased activity level
detected using phenol as a substrate, must be due to phenol
metabolism.

Exp. Run #1- Figure 43 and Table 16 present the data and
calculations for the first phenol degradation experiment.
During the experiment, the first two samples were found to
have absorbances that were very high for the endogenous
activity levels. Usually the absorbance is approximately
0.4 with 1/2 dilution of the sample (e.g. Pre. Exp. #15).
However, in this experiment the absorbance was around 0.55
with a 1/3 dilution factor. In order for the higher levels
of INT formazan produced during the exogenous activity
period to be below the 1.0 mg/sample limit, the absorbance
at the beginning of :he latency period should be 0.4 after
a sample dilution of 1/2. This corresponds to an INT
formazan production rate of 0.0243 mg/min/ml. Therefore,
the amount of activated sludge put into each sample was
decreased in order to lower the total activity of the
sludge to about this new limit for the endogenous activity
phase. In this experiment, sludge- water volumes of 3 ml
and 2m1 were determined to be at this 0.4 absorbance limit.

Because of the highly variable nature of the
endogenous activity level, a preliminary test was proposed
in order to determine the activity level of the activated
sludge. This would be performed so that a sludge to water
volume ratio could be determined which gave an absorbance
of approximately 0.4 after dilution in half. Because the
endogenous level of the activated sludge in this experiment
was the highest recorded in these experiments, it was
proposed that the sludge water volume of 3 ml- 2 ml be the
lowest ratio used in the regular test. 5 ml of undiluted
sludge was used as the maximum sludge in a sample, and 4 ml
sludge to 1 ml water was used as an intermediate ratio to
find a sludge:water volume ratio that resulted in samples
which closely approximately the 0.4 absorbance limit. The
rest of the graph in Figure 43 is typical for the phenol
degradation experiments.
This shock load 1 experiment was run for 12 hours and
no increased exogenous activity level was detected. Because
of the length of time required for the first shock load
phenol degradation experiment (15 hours) only the second
shock load phenol dagradation runs were measured remaining
experiments.

Conclusion: Because of the highly variable basal
activity levels of activated sludge, before a phenol
degradation expe):iment is to begin, a preliminary
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experiment were conducted to determine the activity level,
and therefore the appropriate sludge:water volumes to be
used in the experiment. Samples were run using 3,4 and 5
mls of sludge, and the corresponding amount of water to
make up a 5 ml total mixture. The sample which gave an
absorbance closest to 0.4 after a 1/2 dilution (or an INT
formazan production rate of 0.0243 mg/min/ml) was used to
conduct the degradation experiment.

Exp. Runs #2-8- The results for the DRR test #2 are
presented in Table 17 and Figure 44. Table 17 demonstrates
the method used to determine the sludge:water ratio to use
in the phenol degradation experiment. Since sample B gave
the closest absorbance to 0.4 with a 1/2 dilution factor,
the best sludge:water ratio for this experiment was 4:1.

The DRR data for phenol degradation experiments 2-8
are presented in Figures 44 - 50. The DRR BKphenol, the
maximum change in sludge activity level (max. activity),
and the latency period for each phenol degradation
experiment are presented in Table 18. Below Table 18, the
average for each column, the SD, and the SD/DRR BKphenol
average has been calculated. The three parameters of the
DRR activity test are quite variable. The DRR BKphenol and
the latency period parameters both have Standard Deviations
that are 39 % of the average value of the parameter. The
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Standard deviation for the maximum activity is 26 % of the
average value.

Below are listed the SD/average values obtained for
the biodegradation parameters in the SRR, DOUR and DRR
experiments.
Test

Biodegradation
Parameter

SD/average

SRR

SRR (shock 1)
Latency Period
SRR (shock 2)
Latency Period

0.26
0.15
0.35
0.54

DOUR

BKphenol (shock 1)
Max. ,10, DOUR
Latency Period
BKphenol (shock 2)
Max.,* DOUR
Latency Period

0.44
1.30
0.1
0.62
0.43
0.56

DRR

BKphenol (shock 2)
Max.4 DRR
Latency Period

0.39
0.26
0.39

E. Phenol Degradation Experiments with Other Activated
Sludges
The shock 2, experimental SRR and the latency periods
for phenol degradation experiments conducted on three
different sewage treatment plants are presented in Table
19.

SRR experiments conducted with activated sludge from
RMSTP resulted in an SRR of 56.4 mg/L/hr which was very
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close to the average SRR of 60.8 mg/L/hr for the Livingston
activated sludge. Although the latency phase for this
activated sludge (1.25 hrs) was somewhat shorter than that
for the Livingston sludge (2.3 hrs), it was still within
the range of values determined from the many SRR
experiments conducted in this work with the Livingston
sludge.

SRR experiments conducted by Pak with activated sludge
from PVSC resulted in a SRR of 25.9 mg/L/hr, which was
below the range recorded for the Livingston activated
sludge. The latency phase for this sludge was 0.0 hrs,
which was also below the range of values determined for the
Livingston activated sludge.

Discussion and Conclusions:

The three activated sludge activity tests with their
biodegradability parameters are ranked below in order of
reproducibility as determined from the above experiments.

A. Substrate Removal RateThe SRR was the least variable of the three tests. The
SD/SRR average was 0.26 and 0.37 for phenol shock loads 1
and 2, respectively. The latency phases for shock load 1
experiments were the most reproducible of all the
parameters with a Standard Deviation that was only 7 % of
the average value. However, the latency phase for the shock
load 2 experiments were highly variable giving an SD/ave
ratio of 0.47.

B. Dye Reduction RateThe DRR BKphenol constants were more variable than
SRR, but less variable than the DOUR BKphenol constants.
The Standard Deviations for the BKphenol constant, and
latency period, were both 39 % of the average parameter
value. However, for the maximum DRR, the Standard Deviation
was 26 % of the average value and therefore as reproducible
as the SRR. However, the DRR test is much more involved
than the SRR test, requiring a more sophisticated
technique, and more time, to perform.
Due to the variability of the points and the drift of
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the endogenous activity baseline (see Figure 42), it is
questionable whether or not the DRR test could detect an
exogenous activity level above the baseline for
recalcitrant compounds. As discussed earlier, the
metabolism of some chemicals is so slow that the exogenous
activity level is only slightly higher than the basal
activity and would not be detectable by some activity
tests.

C. Dissolved Oxygen Uptake RateThe DOUR BKphenol constants were the most variable of
the three tests. The SD/SRR (average) ratios were 0.46 and
0.49 for the shock load 1 and 2 experiments, respectively.
The maximum Change in activity (4.,..\,) was also extremely
variable with Standard Deviations that were 130 and 34 % of
the average value for shock loads 1 and 2, respectively.
The Standard Deviation of the latency phase was 14 % and 52
% of the average value for shock loads 1 and 2. The lower
SD/ave ratio for the shock 1 data results because the
average latency period is longer (shock 1 average = 9 hrs;
shock 2 average is 2.3 hrs). While the absolute variability
for both data sets is about the same (2 hrs).
Several aspects of this test made it less desirable to
use as well.
i) the DOUR test requires more time and effort than
the SRR test, but is much easier to perform than the DRR
test.
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ii)although the
DRR

DOUR

test is more sensitive than the

test, Sayler, et. al (22) also reported the inability

of the

DOUR

to detect an exogenous activity level for

activated sludge metabolizing recalcitrant chemicals.

iii)for sludges acclimated to phenol, their exogenous
activity level was too great for the methodology to respond
quickly enough (by the time a sample was taken, and the DO
electrode inserted in the BOD bottle, the

DO

level was

often below the detection limit of about 0.5 ppm). This
limits the range of tests that can be performed by this
method.

D. Mixed Liquor Suspended Solids
Although the MLSS was the easiest test to perform, an
attempt to normalize the

SRR

data using the MLSS values,

produced more variable results than the

SRR

data alone.

The results of the MLSS measurements taken in DOUR Exp.
#1, cannot be interpretted simply in terms of a standard
growth curve. The MLSS starts out at a high value,
decreases on exposure to phenol, and then increases again.

E. Comparison of Different Sludges
A comparison of the

SRR

and the latency phases between

activated sludges from different wastewater treatment
plants is presented in Table 19. Since both the PVSC and
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Rahway plants receive a higher percentage of industrial
waste than the Livingston plant, the micro-organisms should
be more acclimated to phenol exposure. Therefore, one might
predict that the SRR should be higher, and the latency
period shorter, than those values for the Livingston plant.
In fact, the results for PVSC and Livingston are reversed
for SRR (although not for the latency phase). Furthermore,
MLSS measurements and cell counts appear to be irrelevant
to SRR, indicating the completely erroneous predictions
that would result if MLSS were to be used as a gauge of
hazardous waste activity in a secondary treatment plant.

Therefore, a substrate removal rate test using phenol
as a model compound, is the recommended test for predicting
the ability of a treatment plant to biodegrade industrial
organic wastes.
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Appendix A: Figures

Figure 1: Typical Substrate Removal Graph

Figure 2: Typical DOUR and DRR Vs Time Graph

Figure 3: A Typical Time Production Test Curve

Figure 4: Typical Phenol Standard Curve

Figure 5: DOUR Control Exp.

Figure 6: Phenol Degradation Exp.2: Shock 1

Figure 7: Phenol Degradation Exp.3: Shock la

Figure 8: Phenol Degradation Exp.3: Shock lb

Figure 9: Phenol Degradation Exp.4: Shock la

Figure 10: Phenol Degradation Exp.4: Shock lb

Figure 11: Phenol Degradation Exp.5: Shock la

Figure 12: Phenol Degradation Exp.5: Shock lb

Figure 13: Phenol Degradation Exp.6: Shock la

Figure 14: Phenol Degradation Exp.6: Shock, lb

Figure 15: Phenol Degradation Exp.1: Shock 2a

Figure 16: Phenol Degradation Exp.1: Shock 2b

Figure 17: Phenol Degradation Exp.2: Shock 2

Figure 18: Phenol Degradation Exp.3: Shock 2a

Figure 19: Phenol Degradation Exp.3: Shock 2 2b

Figure 20: Phenol Degradation Exp.4: Shock 2a

Figure 21: Phenol Degradation Exp.4: Shock 2b

Figure 22: Phenol Degradation Exp.5: Shock 2a

Figure 23: Phenol Degradation Exp.5: Shock 2b

Figure 24: Phenol Degradation Exp.6: Shock 2a

Figure 25: Phenol Degradation Exp.6: Shock 2b

Figure 26: Phenol Degradation Exp.2: Shock 6

Figure 27: MLSS for Degradation Exp. la

Figure 28: MLSS for Degradation Exp. lb

Figure 29: Absorption Spectrum INT Formazan

Figure 30: INT Volume Vs Absorbance: Test 1

Figure 31: INT Volume Vs Absorbance: Test 2

Figure 32: INT Volume Vs Absorbance: Test 3

Figure 33: Effects of HC1 in the Buffer Solution
Test 1

Figure 34: Effects of Tris Buffer Concentration
Test 2

Figure 35: Sludge Volume Vs Activity

Figure 36: INT Formazan Standard Curve

Figure 37: INT Formazan Production Vs Time

Figure 38: Phenol Exp.: 7 Minute Incubation

Figure 39: Phenol Exp.: 6 Minute Incubation

Figure 40: INT Formazan Production Vs Time
A: Without Buffer

B: With Buffer

Figure 41: Phenol Degradation Exp.: No Buffer

Figure 42: DRR Control Exp.

Figure 43: Dye Reduction Rate Exp.1: Shock 1

Figure 44: Dye Reduction Rate Exp.2: Shock 2

Figure 45: Dye Reduction Rate Exp.3: Shock 2

Figure 46: Dye Reduction Rate Exp.4: Shock 2

Figure 47: Dye Reduction Rate Exp.5: Shock 2

Figure 48: Dye Reduction Rate Exp.6: Shock 2

Figure 49: Dye Reduction Rate Exp.7: Shock 2

Figure 50: Dye Reduction Rate Exp. 8: Shock 2

Appendix B: Tables

Table 1: Substrate Removal Rate Parameters: Shock Load 1
Date
d/m/yr
=
8/7/86
23/7/86
28/7/86
14/8/86
10/9/86

Exp. Run #
2A
2B
3A
3B
4A
4B
5A
5B
6A
6B

SRR
(mg/L/hr)
/
/
13.9
13.6
23.0
15.7
19.7
9.80
16.8
20.5

average
16.6
Standard Deviation (SD)
4.3
SD/average
.26
range
(9.80-23.0)

r
/
/
.99
1.0
1.0
.99
.99
.98
.99
.98

Latency Period
(hrs)
/
/
7.5
7.0
9.0
7.0
10.0
8.0
0.0
0.0

8.1
1.20
.15
(0.0-10.0)

Table 2: Substrate Removal Rate Parameters: Shock Load 2
Date
d/m/yr

Exp Run

SRR
(mg/1/hr)

r

Latency Phase
- (hrs)
=----

SET 1
5/6/86
8/7/86
23/7/86
28/7/86
14/8/86
10/9/86

lA
1B
2A
28
3A
3B
4A
4B
5A
5B
6A
6B

31
32
76
45
43
61
35.7
53.0
40.2
43.8
73.0
57.6

.998
1.0
.99
.98
.999
.99
.996
.97
1.0
.997
.98
.99

5.5
4.0
2.0
2.0
2.5
3.0
2.5
3.0
1.5
1.5
0.5
1.0

1
2
3
4
5
6
7
8

/
34.8
80.0
63.2
71.6
97.2
92.4
63.0

/
.99
.998
.996
.99
.99
.99
.98

/
2.0
3.00
1.50
1.25
1.50
1.50
1.50

SET 2
26/1/87
27/1/87
30/1/87
3/2/87
7/2/87
10/2/87
14/2/87
17/2/87
Average
SD
SD/Ave.
Range

57.6
20.2
0.35
(31-97.2)

2.17
1.17
0.54
(0.5-5.5)

Table 3: DOUR Control Experiment
Time
(hrs)
0 mins.
.
=___==
/
0.0
0.5
6.58
6.45
1.0
1.5
6.25
6.25
2.0
6.26
2.5
3.0
6.35
3.5
6.31
4.0
6.25

1.0
6.89
6.39
6.21
5.96
6.01
6.04
/
6.07
6.06

DO Levels (ppm 0 )
DOUR
2.0
4.0
3.0
5.0 (ppm 0 /min)
=
6.61
6.34
6.07
5.79
0.274
6.14
5.89
5.63
5.38
0.244
5.94
5.68
5.43
5.18
0.256
5.71
5.47
5.21
4.98
0.253
5.76
5.49
5.25
4.99
0.253
5.78
5.53
5.28
5.02
0.249
/
5.64
5.39
5.14
0.244
5.82
5.58
5.32
5.07
0.248
5.81
5.56
5.33
5.09
0.235
average = 0.250
SD
= 0.012
= 5 %
SD/ave.

Table 4: Oxygen Uptake Rate Parameters; Shock Load 1
Date
d/m/yr
asm

23/7/86
28/7/86
14/8/86
10/9/86
=
Average
SD
SD/Ave.
Range

Exp Run DOUR BKphenol r
==
3A
3B
4A
4B
5A
5B
6A
6B

(ppm/min)
==__=
=__=
0.0768
.99
0.124
.96
.99
0.240
0.100
.99
.98
0.104
.98
0.162
/
/
/
/
0.134
0.059
0.44
(0.0768-0.24)

Max.LDOUR Latency Phase
Activity
(ppm/min)
(hrs)
0.33
0.29
0.29
0.01
0.02
0.05
/
/

8.0
9.0
9.0
7.0
10.0
12.0
/
/

0.14
9.2
1.7
0.18
1.3
0.18
(0.01-0.33) (8.0-12.0)

Table 5: Oxygen Uptake Rate Parameters: Shock Load 2
Date

Exp Run

d/m/yr
5/6/86
8/7/86
23/7/86
28/7/86
14/8/86
10/9/86

DOUR SKphenol

r

(ppm/min)
lA
111
2A
2B
3A
3B
4A
4B
5A
5B
6A
6B

Average
SD
SD/Average
Range

0.302
0.349
0.79
.87
0.605
0.168
0.517
0.86
0.765
1.53
0.484
0.965

.97
.999
.98
.99
.98
.96
.98
.95
.99
.97

.665
.410
.62
(0.20-1.53)

Max A DOUR
Activity
(ppm/min)
0.94
1.12
.79
0.87
.605
.204
.517
.86
1.04
1.53
.419
.965

Latency Phase
(hrs)
3.5
2.0
2.5
0.0
2.5
3.0
2.5
3.0
1.5
1.5
0.5
1.0

0.822
1.8
0.352
1.0
0.43
0.56
(0.419-1.53) (0.0-4.5)

Shock #6
2A

0.69

0.99

0.0

Table 6: MLSS Data and Calculations for Exp. Run #1 (A&B)
Sample
=

=-=
1
2
3
4
5
6
7
8
9
10

Time
(hrs)
0.0
1.5
2.5
3.5
4.5
5.5
6.5
7.5
8.5
9.5

Weight Residual
Dried Solids
(mg)
13.9
/
/
7.2
8.4
7.8
9.3
10.2
10.1
10.5

MLSS
(PPm)
695
/
/
360
420
390
465
510
505
525

Example MLSS calculation for sample 1:
Average sample weight (mg) X 1000 ml/L = MLSS (mg/L)
20 (ml/sample)
13.9 mg X 1000 ml/L = 695 ppm
20 ml/sample

Table 7: MLSS Measurements for Exp. Run #2-6: Shock Load 1
Date
d/m/yr
8/7/86
23/7/86
28/7/86
14/8/86
10/9/86

Exp. Run
2A
2B
3A
3B
4A
4B
5A
5B
6A
6B

MLSS (ppm)
Start
End
1540
1340
/
/
3498
3500
2518
2485
2868
2223

1630
1400
/
/
3480
3473
2663
2623
2783
2070

Table 8: MISS Measurements for Exp. Run #2-6: shock Load 2
Date
d/m/yr

Exp. Run

MLSS (PPm)
End
Start
==

5/6/86
8/7/86
23/7/86
28/7/86
14/8/86
10/9/86

lA
1B
2A
2B
3A
3B
4A
4B
5A
5B
6A
6B

695
670
1633
1243
/
/
3110
3080
2685
2560
2783
2070

525
460
1585
1328
/
/
3250
3000
2553
2628
2693
2075

Table 9: Color Loss in Samples Stored in Acetone
Samples
0 hrs
A
B
C
D
A
B
C
D

.82
.82
.80
.78
1/2 dilution
.52
.59
.58
.62

Absorances
10 hrs

3 days

.73
.75
.62
.55
0 dilution
.46
.39
.20
.36

Table 10: Color Loss in Samples Stored in Acetone
Samples
0 hrs
A
B
C
D
A
B
C
D

Absorances
10 hrs

.82
.82
.80
.78
1/2 dilution
.52
.59
.58
.62

3 days

.73
.75
.62
.55
0 dilution
.46
.39
.20
.36

Table 11 A: Sample Absorbances for Acetone and HC1 Stopped Rxs
1 Hour Storage
Samples
A
B
C
D

Absorbances
Acetone
HC1
0.36
0.42
0.40
0.33

E
F
G
H

0.415
0.41
0.40
0.38

Table 10 B: Sample Absorbances: 3 Hour Storage in HC1
Sample
A
B
C
D

Absorbances
Acetone
HC1
0.41
0.36
0.35
0.39

E
F
G
H

0.45
0.40
0.39
0.38

Table 10 C: Sample Absorbances: 3 Day Storage in HC1
Sample
Acetone
A
B
C
D
E
F
G
H

Absorbances
HC1

0.38
0.36
0.38
0.385
0.36
0.375
0.36
0.365

Table 12: Absorbance of Non-dye Components of Samples
Samples
A
B
C
D

0.1

Addition INT (ml)
0.2
0.3
0.4

0.027
0.029
0.031

0.027
0.029
0.031

No INT
0.04
0.027
0.029
0.031

0.027
0.029
0.031

0.030
0.029
0.037

Table 13: Standard Curve Points

r

Standard Concentrations
(PPm)

Absorbance

50
37.5
30
15
10
7.5
3.0

1.10
0.79
0.675
0.33
0.22
0.17
0.07

= 0.999
slope = 0.0217

Table 14 A: Precision of Samples Containing Tris Buffer

=

Sample

Absorbance

A
B
C
D
E
F

22.2
23.0
31.8
30.8
32.8
31.4

Rate
(mg/min/ml)

=

28.7
4.75
17 %

Average
SD
SD/Ave.

0.0148
0.0153
0.0212
0.0205
0.0219
0.0209
0.0191
0.0032
17 %

Table 12 B: Precision of Samples Not Containing Tris Buffer

Average
SL5
SD/Ave.

Samples

Absorbances

Rate
(mg/min/ml)

A
B
C
D
E
F

31.8
31.6
30.0
30.8
30.4
29.0

0.0212
0.0211
0.0200
0.0205
0.0203
0.0193

30.6
1.0
3 %

0.0204
0.0007
3 %

Table 15: Control Experiment for DRR
Sample
A
B
C
D
E
F
G
H
I
J
K
L
M
N
0
P

Time
(hrs)
=
0.0
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.5
3.75

Absorbance
0.29
0.305
0.29
0.29
0.27
0.27
0.25
0.27
0.26
0.26
0.25
0.26
0.24
0.24
0.23
0.23

0.31
0.28
0.29
0.27
0.30
0.27
0.25
0.27
0.26
0.26
0.24
0.23
0.23
0.26
0.24
0.25

Ave. [INT-F] Rate
(ppm)
(mg/min/m1)

0.30
0.31
0.28
0.29
0.28
0.28
0.255
0.27
0.26
0.26
0.255
0.24
0.24
0.235
0.255
0.23

13.5
13.5
13.0
12.8
12.2
12.4
11.5
12.2
11.7
12.0
11.2
11.0
10.7
11.0
10.9
10.7
Average
SD
SD/Ave.

0.009
0.009
0.0086
0.0086
0.0082
0.0082
0.0076
0.0082
0.0078
0.0080
0.0074
0.0074
0.0072
0.0074
0.0072
0.0072
=
=
=

0.0079
0.0006
8 %

Table 16: DRR Phenol Degradation Experiment #1
Sample

Time
(hrs)

A
B
C
D
E
F
G
H
I
M
Q
U
X

0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
7.5
8.45
9.45
10.45
11.45

Absorbance
0.50
0.56
0.42
0.39
0.39
0.34
0.35
0.32
0.34
0.32
0.33
0.34
0.34

0.58
0.64
0.37
0.38
0.39
0.36
0.35
0.32
0.32
0.31
0.32
0.33
0.34

Ave [INT-F]
Rate
(ppm)
(mg/min/ml)

0.55
0.52
0.41
0.36
0.38
0.35
0.34
0.33
0.31
0.32
0.31
0.33
0.34

/
/
34.3
34.3
35.1
31.8
31.5
29.3
29.3
28.7
14.5
15.1
15.4

/
/
0.0382
0.0382
0.0400
0.0360
0.0340
0.0320
0.0320
0.0320
0.0320
0.0340
0.0340

Table 17: DRR Phenol Degradation Experiment #2
A: Preliminary Experiment
Sample
A
B
C

Sludge Volume Dilution
Factor
(ml)
3.0
4.0
5.0

1/2
1/2
1/2

Absorbance
0.26
0.37
0.48

0.27
0.37 *
0.50

* Sludge - water volume used in phenol degradation exp.
B: Phenol Degradation Experiment
Sample
A
B
C
D
E
F
G
H
I
J
K
L

Time
(hrs)
0.0
0.25
0.50
0.75
1.00
1.25
1.50
1.75
3.25
3.50
3.75
4.00

Absorbance Ave. [INT-F]
Rate
2
3
(ppm)
1
(mg/min/ml)
0.37
0.40
0.39
0.45
0.44
0.43
0.44
0.47
0.50
0.40
0.38
0.39

0.36
0.37
0.42
0.43
0.47
0.47
0.47
0.48
0.48
0.41
0.38
0.38

0.35
0.40
0.42
0.43
0.44
0.46
0.44
0.50
0.42
0.40
0.39
0.40

16.4
17.7
18.6
19.9
20.5
20.7
20.5
22.0
21.3
18.4
17.4
17.7

0.02,2
0.0296
0.0310
0.0332
0.0342
0.0344
0.0342
0.0368
0.0345
0.0306
0.0290
0.0296

Table 18: Dye Reduction Rate Parameters: Shock Load 2
Date

Exp. Run

== ===

26/1/87
27/1/87
30/1/87
3/2/87
7/2/87
10/2/87
14/2/87
17/2//87
Average
SD
SD/Ave
Range

r

(mg/min/ml/s)

d/m/yr
= ==

DRR

Max.A Latency
Activity Phase
(mg/min/ml) (hrs)

======================== ============= =====

1
2
3
4
5
6
7
8

/
0.179
0.304
0.228
0.197
0.38
0.10
0.231
0.231
0.090
0.39
(0.1-0.38)

/
.96
.99
.93
.96
.99
.99
.92

/
0.0096
0.0102
0.0074
0.0083
0.0054
0.0050
0.0070

/
1.0
1.5
0.75
0.5
0.5
1.0
1.0

0.0076
0.9
0.002
0.35
0.26
0.39
(0.005-0.01020) (0.5-1.5)

Table 19: SRR of Three Different Activated Sludges
Activated
Origin Sludge
Livingston

SRR
(mg/L/hr)
60.8
(31 - 120)*

Latency Period
(hrs)
2.3
(1 - 5.5)*

MLSS
(ppm)
2400

10"
109
10M

PVSC

25.9

0.0

5000

RMSTP

56.4

1.25

1450

Average
* Range

Organism
Count/cc

